A significant drop of the vector meson masses in nuclear matter is observed in a chiral SU(3) model due to the effects of the baryon Dirac sea. This is taken into account through the summation of baryonic tadpole diagrams in the relativistic Hartree approximation. The appreciable decrease of the in-medium vector meson masses is due to the vacuum polarisation effects from the nucleon sector and is not observed in the mean field approximation.
INTRODUCTION
The medium modifications of the vector mesons (ρ and ω) in hot and dense matter have recently been a topic of great interest in the strong interaction physics research, both experimentally [1, 2, 3, 4, 5] and theoretically [6, 7, 8, 9, 10, 11, 12] . One of the explanations of the experimental observation of enhanced dilepton production [1, 2, 3] in the low invariant mass regime could be a reduction in the vector meson masses in the medium. It was first suggested by Brown and Rho that the vector meson masses drop in the medium according to a simple (BR) scaling law [6] , given as m * V /m V = f * π /f π . f π is the pion decay constant and the asterisk refers to in-medium quantities. There have also been QCD sum rule approaches extensively used in the literature [8, 9, 10, 11] for consideration of the in-medium vector meson properties. In the framework of Quantum Hadrodynamics (QHD) [13] as a description of the hadronic matter, it is seen that the dropping of the vector meson masses has its dominant contribution arising from the vacuum polarisation effects in the baryon sector [14, 15, 16, 17] . This drop is not observed in the mean field approximation. The vector meson properties [18] and their effects on the low mass dilepton spectra [19] have been investigated recently including the quantum correction effects from the baryon as well as the scalar meson sectors in the Walecka model [20] .
In the present investigation we use the SU(3) chiral model [21, 22] for the description of the hadronic matter. This model has been shown to successfully describe hadronic properties in the vacuum as well as nuclear matter, finite nuclei and neutron star properties. Furthermore the model consistently includes the lowest lying baryon and meson multiplets, including the vector mesons. In the mean field approximation the vector meson masses do not show any significant drop, similar to results in the Walecka model. The effect of the Dirac sea is taken into account by summing over baryonic tadpole diagrams in the relativistic Hartree approximation (RHA). It is seen that an appreciable decrease of the vector meson masses arises from the nucleon Dirac sea. This shows the importance of taking into account these contributions.
We organize the paper as follows: In section 2 we introduce the chiral SU(3) model used in the present investigation. Section 3 describes the mean field approximation for nuclear matter. In section 4 the nuclear matter properties are considered in the relativistic Hartree approximation. Section 5 gives the in-medium vector meson properties due to the contributions from the nucleon Dirac sea. The results are presented and discussed in section 6 . Finally, in section 7 we summarize the findings of the present work.
THE HADRONIC CHIRAL SU (3) × SU (3) MODEL
We consider a relativistic field theoretical model of baryons and mesons built on chiral symmetry and broken scale invariance [21, 22] . A nonlinear realization of chiral symmetry is adopted, that has been successful in a simultaneous description of finite nuclei and hyperon potentials [21] . The general form of the Lagrangian is as follows:
(1) 
Kinetic Terms
The kinetic energy terms are given as [21] 
where B is the baryon octet, X is the scalar multiplet, Y is the pseudoscalar chiral singlet, V µ is the vector meson multiplet with field tensorṼ
is the axialvector field tensor, F µν is the electromagnetic field tensor and χ is the scalar, isoscalar glueball-field. The kinetic energy term for the pseudoscalar mesons is given in terms of the axial vector
is the unitary transformation operator [21] . The pseudoscalar mesons are given as parameters of the symmetry transformation. Since the fields in the nonlinear realization of chiral symmetry contain the local unitary transformation operator, covariant derivatives
† have to be used to guarantee chiral invariance [21] . E.g. for the baryons this yields
Baryon-Meson interaction
The SU(3) structure of the the baryon-meson interaction terms are the same for all mesons, except for the difference in Lorentz space. For a general meson field W they read and with pseudoscalar mesons (W = u µ , O = γ µ γ 5 ), respectively. In the following we discuss the relevant couplings for the current investigation.
Baryon -scalar meson interaction (Baryon Masses)
The baryons and the scalar mesons transform equally in the left and right subspaces.
Therefore, in contrast to the linear realization of chiral symmetry, an f -type coupling is allowed for the baryon meson interaction. In addition, it is possible to construct mass terms for baryons and to couple them to chiral singlets. After insertion of the vacuum expectation value for the scalar multiplet matrix X 0 , one obtains the baryon masses as generated by the VEV of the non-strange σ ∼ ūu +dd and the strange ζ ∼ ss scalar fields [21] . Here we will consider the limit α S = 1 and g
In this case the nucleon mass does depend only on the nonstrange condensate σ. Furthermore, the coupling constants between the baryons and the two scalar condensates are related to the additive quark model. This leaves only one coupling constant free that is adjusted to give the correct nucleon mass [21] .
For a fine-tuning of the remaining masses, it is necessary to introduce an explicit symmetry breaking term, which breaks the SU(3)-symmetry along the hypercharge direction (for details see [21] ). Therefore the resulting baryon octet masses for the current investigation read:
Alternative ways of mass generation have also been considered earlier [21] .
Baryon -vector meson interaction
Two independent interaction terms of baryons with spin-1 mesons can be constructed in analogy with the baryon-spin-0-meson interaction. They correspond to the antisymmetric (f -type) and symmetric (d-type) couplings, respectively. The general couplings are shown in [21] . From the universality principle [23] and the vector meson dominance model one may conclude that the d-type coupling should be small. Here we will use pure f -type coupling,
i.e. α V = 1 for all fits, even though a small admixture of d-type coupling allows for some fine-tuning of the single particle energy levels of nucleons in nuclei (see [21] ). As for the case with scalar mesons, we furthermore set g
, so that the strange vector field φ µ ∼ sγ µ s does not couple to the nucleon. The resulting Lagrangian reads:
or explicitly written out for the nuclear matter case:
Note that in this limit all coupling constants are fixed once g V 8 is specified [21] . This is done by fitting the nucleon-ω coupling to the energy density at nuclear matter saturation (E/A = −16 MeV). Since we consider nuclear matter, the couplings of the vector mesons to the hyperons shall not be discussed here. 
and
Note that in 9, we replace the scalar multiplet X by its vacuum expectation value. Combining the contributions (9,10) with the kinetic energy term (2), one obtains the following terms for the vector mesons in the vacuum
with e.g.Ṽ 
φφ . Explicitly the renormalization constants are given as
where
Then the Lagrangian for the new fields in the vacuum reads
where 
The coupling of this self-interaction term is also modified by the redefinition of the fields. The redefined coupling corresponding to the quartic interaction for the ω field can be expressed in terms of the couplingg 4 of the term (16) . This term gives a contribution to the vector-meson masses in the medium, i.e. for finite values of the ω or ρ-fields. The resulting expressions for the vector meson masses in the medium (isospin symmetric) are
with g 4 = √ Z ωg4 as the renormalized coupling. Since the quartic self-interaction contributes only in the medium, the coupling g 4 cannot be unambigiously fixed. It is fitted, so that the compressibility is in the desired region between 200 − 300 MeV in the mean field approximation. Note that the N −ω as well as the N −ρ -couplings are also affected by the redefinition of the fields with the corresponding renormalised coupling constants as g N ω ≡ 3g
Spin-0 Potential
In the nonlinear realization of chiral symmetry the couplings of scalar mesons X and the pseudoscalar singlet Y with each other are only governed by SU(3) V -symmetry. In this work we will use the same form of the potential as in the linear σ-model with U(1) A breaking, as described in [21] . It reads
with I 2 = Tr(X + iY ) 2 , I 3 = det(X + iY ) and I 4 = Tr(X + iY ) 4 . Furthermore χ denotes a scalar color-singlet gluon field. It is introduced to construct the model to satisfy the QCD trace anomaly, i.e. the nonvanishing of the trace of the energy-momentum tensor
µν is the gluon field strength tensor of QCD.
All the terms in the Lagrangian are multiplied by appropriate powers of the glueball-field to obtain a dimension (Mass) 4 in the fields. Then all coupling constants are dimensionless and therefore the model is scale invariant [28] . Then, a scale breaking potential
is introduced. This yields θ 
generates a phenomenologically consistent finite vacuum expectation value.
The parameters k 0 ,k 2 and k 4 , are used to ensure an extremum in the vacuum for the σ-, ζ-and χ-field equations, respectively. As for the remaining constants, k 3 is constrained by the η and η ′ -masses, which take the values m η = 520 MeV and m η ′ = 999 MeV in all parameter sets. k 1 is fixed in the mean field fit with quartic vector meson interaction such that the effective nucleon mass at saturation density is around 0.65 m N and the σ-mass is of the order of 500 MeV. Then it is kept constant in all the other fits, since a change in k 1 yields quite a strong modification of the other coupling constants in the selfconsistency calculation. Since we want to focus on the influence of the Hartree terms, we try to keep everything else as less modified as possible.
Since the shift in the χ in the medium is rather small [21] , we will in good approximation set χ = χ 0 . We will refer to this case as the frozen glueball limit. The VEV of the gluon condensate, χ 0 , is fixed to fit the pressure p = 0 at the saturation density ρ 0 = 0.15 fm −3 .
Explicitly broken chiral symmetry
In order to eliminate the Goldstone modes from a chiral effective theory, explicit symmetry breaking terms have to be introduced. Here, we again take the corresponding term of the linear σ-model
MeV. This choice for A p together with the constraints
on the VEV on the scalar condensates assure that the PCAC-relations of the pion and kaon are fulfilled. With f π = 93.3 MeV and f K = 122 MeV we obtain σ 0 = 93.3 MeV and ζ 0 = 106.56 MeV.
MEAN FIELD APPROXIMATION
The hadronic matter properties at finite density and temperature are studied in the mean-field approximation [29] . Then the Lagrangian (1) becomes
where m * N is the effective mass of the nucleon. Only the scalar (L BX ) and the vector meson terms (L BV ) contribute to the baryon-meson interaction. For all other mesons, the expectation value vanishes in the mean-field approximation. Now it is straightforward to write down the expression for the thermodynamical potential of the grand canonical ensemble, Ω, per volume V at a given chemical potential µ and at zero temperature:
The vacuum energy V vac (the potential at ρ = 0) has been subtracted in order to get a energy at ρ = 0. The factor γ N denotes the fermionic spin-isospin degeneracy factor, and γ N =4 for symmetric nuclear matter. The single particle energy is E *
and the effective chemical potential reads µ * N = µ N − g N ω ω. The mesonic fields are determined by extremizing the thermodynamic potential. Since we use the frozen glueball approximation (i.e χ = χ 0 ), we have coupled equations only for the fields σ, ζ and ω in the selfconsistent calculation given as
In the above, ρ s N and ρ N are the scalar and vector densities for the nucleons, which can be calculated analytically for the case of T = 0, yielding
The parameters of the model are constrained by symmetry relations, characteristics of the vacuum or nuclear matter properties. Table I summarizes the various constraints for the parameters within the Mean-Field approach.
RELATIVISTIC HARTREE APPROXIMATION
If we go from the Mean-Field to the Hartree approximation, additional terms in the grand canonical potential appear. These influence the energy, the pressure and the meson field equations. In the present work, we use the version of the chiral model with g N ζ = 0, i.e. no coupling of the strange condensate to the nucleon. Hence additional terms will only appear due to summing over baryonic tadpole diagrams due to interaction with the scalar field σ, similar to as in the Walecka model. The additional contribution to the energy density is given as
Parameter Interaction where m * N = −g σN σ and m N is the nucleon mass in vacuum. This will also modify the pressure and the σ field equations. With inclusion of the relativistic Hartree contributions, the field equation for σ as given by (30) gets modified to
where the additional contribution to the nucleon scalar density is given as
These make a refitting of some of the parameters necessary. First we have to account for the change in the energy and the pressure, i.e. g N ω and χ 0 have to be refitted. Due to a change in χ 0 the parameters k 0 , k 2 and k 4 must be adapted to ensure that the vacuum equations for σ, ζ and χ have minima at the vacuum expectation values of the fields. Table II shows the parameters corresponding to the the Mean-field and the Hartree approximations. 
VECTOR MESON PROPERTIES IN THE MEDIUM

In-medium vector meson masses
We now examine how the Dirac sea effects discussed in section 4 modify the masses of the vector mesons. Rewriting the expression for the vector interaction of these mesons given in equation (6) in terms of the renormalized couplings g N ω and g N ρ yields
Furthermore a tensor coupling is introduced:
where (g N V , κ V ) = (g N ω , κ ω ) or (g N ρ , κ ρ ) and τ a = 1 or τ , for V µ a = ω µ or ρ µ a , τ being the Pauli matrices. The vector meson self energy is given as
where γ I = 2 is the isospin degeneracy factor for nuclear matter, and, Γ µ V (k) = γ µ τ a − (κ V /2m N )σ µν τ a represents the meson-nucleon vertex function. In the above, G(k) is the interacting nucleon propagator resulting from summing over baryonic tadpole diagrams in the Hartree approximation. This is expressed, in terms of the Feynman and density dependent parts, as
The vector meson self energy can then be written as the sum of two parts
In the above, Π µν F is the contribution arising from the vacuum fluctuation effects, described by the coupling to the NN excitations and Π µν D is the density dependent contribution to the vector self energy. For the ω meson, the tensor coupling is generally small as compared to the vector coupling to the nucleons [15] . This is neglected in the present calculations. The Feynman part of the self energy, Π µν F , is divergent and needs renormalization. We use dimensional regularization to separate the divergent parts. For the ρ-meson with tensor interactions, a phenomenological subtraction procedure [14, 15] is adopted. After renormalisation, the contributions to the meson self energies from the Feynman part are given as follows. For the ω meson, one arrives at the expression
and for the ρ meson,
where,
13
The density dependent part for the self energy is given as
with
Meson decay properties
We next proceed to study the vector meson decay widths as modified due to the effect of vacuum polarisation effects through RHA. The decay width for the process ρ → ππ is calculated from the imaginary part of the self energy and in the rest frame of the ρ-meson, it becomes
where, f (x) = [e βx − 1] −1 is the Bose-Einstein distribution function. The first and the second terms in the above equation represent the decay and the formation of the resonance, ρ. The medium effects have been shown to play a very important role for the ρ-meson decay width. In the calculation for the ρ decay width, the pion has been treated as free, i.e.
any modification of the pion propagator due to effects like delta-nucleon hole excitation [30] have been neglected. The coupling g ρππ is fixed from the decay width of ρ meson in vacuum (Γ ρ =151 MeV) decaying into two pions.
For the nucleon-rho couplings, the vector and tensor couplings as obtained from the N-N forward dispersion relation [15, 17, 31] are used. With the couplings as described above, we consider the modification of ω and ρ meson properties in nuclear matter due to quantum correction effects.
To calculate the decay width for the ω-meson, we consider the following interaction
Lagrangian for the ω meson [32, 33, 34 ]
The decay width of the ω-meson in vacuum is dominated by the channel ω → 3π. In the medium, the decay width for ω → 3π is given as
, p i and E i 's are 4-momenta and energies for the pions, and f (E i )'s are their thermal distributions. The matrix element M f i has contributions from the channels ω → ρπ → 3π (described by the first term in (50)) and the direct decay ω → 3π resulting from the contact interaction (second term in (50)) [34, 35, 36] . For the ωρπ coupling we take the value g ωρπ =2 which is compatible to the vacuum decay width ω → πγ [17] . We fix the point interaction coupling g ω3π by fitting the partial decay width ω → 3π in vacuum (7.49 MeV) to be 0.24. The contribution arising from the direct decay turns out to be marginal, being of the order of upto 5% of the total decay width for ω → 3π.
With the modifications of the vector meson masses in the hot and dense medium, a new channel becomes accessible, the decay mode ω → ρπ for m * ω > m * ρ + m π . This has been taken into account in the present investigation.
RESULTS AND DISCUSSIONS
We shall now discuss the results of the present investigation: the nucleon properties as modified due to the Dirac sea contributions through the relativistic Hartree approximation and their effects on vector meson properties in the dense hadronic matter. Figure 1 shows the equation of state in the Mean-Field-and in the Hartree-approximation with and without quartic self-interaction for the ω-field. In both cases we observe that the additional terms resulting from the Hartree approximation lead to a softening of the equation of state at higher densities. However, the compressibilty in the relativistic Hartree-approximation is higher than the mean-field value, as shown in table II. Furthermore, the influence of the finite value for the quartic ω coupling, g 4 is clearly visible. In this case the compressibility at nuclear saturation is strongly reduced (table II) . Also, the resulting equation of state is much softer in particular at higher densities. The reason for this can be seen from figure   2 . The vector field ω, which causes the repulsion in the system, rises much more steeply as a function of density for g 4 = 0 than for the case of g 4 = 2.7, because the quartic self-interaction attenuates the ω-field.
The effective nucleon mass for the different cases is depicted in figure 3 . Here the RHA predicts higher nucleon masses than the Mean-Field case. At higher densities these contributions become increasingly important. This is also reflected in the density dependence of the non-strange σ field, showing a considerable increase due to the Hartree contributions (figure2 ). In contrast, the strange condensate, ζ, which does not couple to the nucleons, takes only slightly lower values in the MF-case. The in-medium properties of the vector mesons are modified due to the vacuum polarization effects. The nucleon-ω vector coupling, g N ω , is calculated from the nuclear matter saturation properties. As already stated, the N-ω tensor coupling is neglected. Figure 4 shows the resulting modification of the ω-meson mass in the Hartree approximation as compared to the mean field case. For g 4 = 0, the ω mass has no density dependence, because of the frozen glueball approximation. In contrast, a strong re- duction due to the Dirac sea polarization is found for densities up to around normal nuclear matter density. At higher densities, the Fermi polarization part of the ω-self-energy starts to become important, leading to an increase in the mass. A similar behaviour has been observed in the Walecka model [14, 15, 16] . The quartic term in the ω-field considerably enhances the ω mass with increasing density. Thus in the mean field case, the mass rises monotonically. For the Hartree approximation a decrease of the ω mass for small densities can still be found. But at higher densities the contribution from the quartic term becomes more important and leads to an increase of the in-medium mass.
In figure 5 , we illustrate the medium modification for the ρ meson mass with the vector and tensor couplings to the nucleons being fixed from the NN forward dispersion relation [15, 17, 31] . The values for these couplings are given as g 2 N ρ /4π=0.55 and κ ρ =6.1. We notice that the decrease in the ρ meson with increasing density is much sharper than that of the ω meson. Such a behaviour of the ρ meson undergoing a much larger medium modification was also observed earlier [17] within the relativistic Hartree approximation in the Walecka model. This indicates that the tensor coupling, which is negligible for the ω meson, plays a significant role for the ρ meson.
The in-medium decay width for ρ → ππ, Γ * ρ reflects the behaviour of the in-medium ρ mass. This is because in the present work only the case T = 0 is considered, and so there is no Bose-enhancement effect. Therefore in the absence of the quartic vector-meson interaction, the significant drop of the mass of the ρ meson in the medium leads to a decrease of the ρ decay width. This is shown in figure 6 . Since the quartic self-interaction yields an increase in the mass at higher densities, it leads to an increase of the ρ decay width.
In the previous calculations, the ρ-N coupling strengths were used as determined from the NN forward scattering data [31] . Now we consider the mass modification for the ρ meson, with the nucleon ρ coupling, g N ρ as determined from the symmetry relations (table II) . The symmetry energy coefficient a sym is given as [37] 
where t = shown in table II. They are compatible with the experiment. We take the tensor coupling as a parameter in our calculations since this coupling cannot be fixed from infinite nuclear matter properties. However, it influences the properties of finite nuclei. The resulting inmedium mass of the ρ meson is plotted in figure 7 as a function of baryon density ρ B /ρ 0 .
It is observed that the ρ meson mass has a strong dependence on the tensor coupling. In the Hartree approximation the ρ-nucleon vector coupling does not differ too much in the two cases, i.e. depending on whether it is obtained fromm NN scattering data or from the symmetry relations. Thus we find a similar behaviour for the ρ mass, if in the latter case we choose κ ρ = 6, i.e. close to the value from scattering data. Figure 8 shows the decay width for the ρ meson when we take the Nρ vector coupling as determined from symmetry relations and the tensor coupling taken as a parameter.
The decay width of the ω meson is plotted as a function of density in figure 9 . In the vacuum the process ω → 3π is the dominant decay mode. However, in the medium the channel ω → ρπ also opens up, since the ρ-meson has a stronger drop in the medium as compared to the ω meson mass.
The mean field approximation, does not have a contribution from the latter decay channel, Since we do not know the medium dependent tensor coupling, κ ρ , it is taken as a parameter. The
Hartree approximation gives rise to the decrease of the ρ mass in the medium, which is seen to be quite sensitive to the nucloen-rho tensor coupling.
whereas the inclusion of relativistic Hartree approximation permits both processes in the medium. In the presence of the quartic vector meson interaction, the channel ω → ρπ, which opens up at around 0.3ρ 0 , no longer remains kinematically accessible at higher densities.
This is due to the increased importance of ω 4 contributions to the vector meson masses at high densities.
The strong enhancement of the ω meson mass in the presence of a quartic self interaction term for the ω field, makes also the decay channel ω → NN kinematically accessible in the mean field approximation. In the present investigation the vector meson properties are considered at rest. Vector mesons with a finite three momentum can also have additional decay channels to particle hole pairs. These decay modes, e.g, have significant contributions, to the ∆ decay width [38] . Additional channels that open up in the mean field approximation in the presence of a quartic term for ω, however, have not been taken into consideration in the present work. Here the emphasis is on the effect due to the relativistic Hartree approximation on the in-medium vector meson properties. Figure 10 illustrates the decay width of the ω-meson when the medium dependence of the ρN vector coupling is taken into account and the tensor coupling is taken as a parameter.
The strong dependence of the ρ meson properties on the tensor coupling are reflected in the ω-decay width through the channel ω → ρπ. Hadrodynamics [15, 16] .
The ρ-meson mass is seen to have a sharper drop as compared to the ω-meson mass in the medium. This reflects the fact that the vector meson-nucleon tensor coupling, which is absent for the ω-meson, plays an important role for the ρ-mass. The decay width of ρ → ππ is modified appreciably due to the modification of the ρ mass.
The effects discussed above influence observables in finite nuclei, stellar objects and relativistic heavy ion collisions. For example the modified vector meson properties in a medium play an important role in the dilepton emission rates in relativistic heavy ion collisions [39] . This is reflected by the shift and broadening of the peaks in the low invariant mass regime in the dilepton spectra. Therefore, it will be important to investigate how the dilepton rates are modified by the in-medium vector meson properties in the hot and dense hadronic matter. This necessitates the extension of the current work to finite temperatures. Furthermore, it will be worthwhile to study, how the analysis of particle ratios for relativistic heavy ion collisions in [40] is affected by the Hartree contributions. These and related problems are as from the chiral model, which is compatible with the symmetry energy and, the tensor coupling, κ ρ is taken as a parameter.
under investigation.
